Two experiments were undertaken in which grass silage was used in conjunction with a series of different concentrate types designed to examine the effect of carbohydrate source, protein level and degradability on total dietary phosphorus (P) utilization with emphasis on P pollution. Twelve Holstein-Friesian dairy cows in early to mid-lactation were used in an incomplete changeover design with four periods consisting of 4 weeks each. Phosphorus intake ranged from 54 to 80 g/day and faecal P represented the principal route by which ingested P was disposed of by cows, with insignificant amounts being voided in urine. A positive linear relationship between faecal P and P intake was established. In Experiment 1, P utilization was affected by dietary carbohydrate type, with an associated output of 3.3 g faecal P/g milk P produced for all treatments except those utilizing low degradable starch and low protein supplements, where a mean value of 2.8 g faecal P/g milk P was observed. In Experiment 2, where two protein levels and three protein degradabilities were examined, the efficiency of P utilization for milk P production was not affected by either level or degradability of crude protein (CP) but a significant reduction in faecal P excretion due to lower protein and P intake was observed. In general, P utilization in Experiment 2 was substantially improved compared to the Experiment 1, with an associated output of 1.8 g faecal P/g milk P produced. The improved utilization of P in Experiment 2 could be due to lower P content of the diets offered and higher dry matter (DM) intake. For dairy cows weighing 600 kg, consuming 17-18 kg DM/day and producing about 25 kg milk, P excretion in faeces and hence P pollution to the environment might be minimized without compromising lactational performance by formulating diets to supply about 68 g P/day, which is close to recent published recommended requirements for P.
INTRODUCTION
Phosphorus (P) is a key mineral essential to nearly every aspect of metabolism in a dairy cow (NRC, 2001) . Therefore, P needs to be supplied in sufficient quantity to optimize animal performance. However, dairy cows use less than 40-45% of dietary P intake (Jongbloed and Valk, 1998) , the rest is excreted mainly in faeces. Faecal excretion can lead to P accumulation and saturation in the soil and can filter into groundwater or remain in surface water (Tamminga, 1996) , which is known to cause eutrophication (Johnston, 1996) .
It is therefore desirable to formulate P rations according to the requirement of the animals and reduce P pollution by dairy cows without compromising lactational performance. Paucity of data in relation to P metabolism and different interpretations of what are available has lead to a variety of recommendations for P requirement of dairy cows by different national research committees (e.g., AFRC, 1991; GFE, 2001; NRC, 2001) .
Within the recommended P intakes, information on the effects of sources and degradability of carbohydrate and protein on P utilization is scarce. Tamminga (1992) suggested that faecal and urinary losses can be reduced by minimizing the intake of P and N relative to energy and synchronizing the availability of N and energy in the rumen.
The objective of the present study is to examine phosphorus utilization in lactating dairy cows consuming grass silage based diets and to consider how nutritional strategies can be developed to improve the efficiency of P utilization without compromising animal performance. Thus two experiments were conducted to test the hypothesis that efficiency of P utilization in dairy cattle is affected by carbohydrate source, protein level and degradability, which might lead to reductions in dietary P intakes with concomitant reductions in P excretion.
MATERIAL AND METHODS

Animals and diets
The experiments were carried out at the Centre for Dairy Research (CEDAR) in the Department of Agriculture at the University of Reading. Six multiparous Holstein-Friesian dairy cows in early to mid-lactation from the main CEDAR herd were used in each experiment. The initial average body weight (BW) of the cows was 584 (SD=74) and 620 (SD=56) kg in Experiment 1 and 2, respectively. The rations comprised early first cut partially wilted perennial ryegrass silage (Lolium perenne) prepared without additive and fed with six concentrate feeds as treatments. The concentrates used in both experiments were pelleted and offered at 7 kg dry matter (DM)/(cow·day) on top of grass silage (10 kg DM/[cow·day]) in two equal meals daily. The total amounts of silage and concentrates offered in each experiment were balanced to be iso-energetic with respect to metabolizable energy (ME) and based on a predicted dry matter intake (DMI) of 17 kg/(cow·day) (AFRC, 1993) with 600 g/kg total intake (DM basis) derived from grass silage.
Experiment 1
Six concentrates (as treatments) were formulated with different carbohydrate sources to provide different rates or extents of carbohydrate availability in the rumen (Table 1 ). The treatments were designated according to the characteristics of the main component as follows: high NDF (HNDF), low degradability starch (LDS), high degradability starch (HDS) and soluble sugars (SS). These four supplements were formulated to contain 160 g crude protein (CP)/kg DM, whilst a further two supplements were prepared from mixed carbohydrate sources to constitute a negative control (NEG) with low CP (105 g/kg DM) and P (3.5 g/kg DM) and a positive control (POS) with high CP (186 g/kg DM) and P (4.7 g/kg DM).
Experiment 2
The concentrates (as treatments) were formulated to supply two levels of CP (210 and 290 g CP/kg DM) each with three protein degradabilities (Table 1) . To achieve these specifications, the supplements were designed to contain different proportions of solvent soyabean meal containing high degradable CP replaced by low degradable source of protein (Sopralin), a commercial soyabean meal treated with formaldehyde (BP Nutrition SRL, UK), to provide three protein degradabilities (namely; High (H), Medium (M) and Low (L)) within each protein level.
Both experiments were planned as incomplete changeover designs each comprising 4 periods and 6 cows. Within each experimental period, wk 1 to 3 were used for dietary adaptation and to determine daily DMI and milk production. During wk 4 in Experiment 1 (sampling and P balance week), total faeces and urine were collected daily from each animal for 6 d, in addition to measurements of feed intake, feed refusal and milk production. In Experiment 2, wk 4 was used to assess treatment differences in terms of DMI, milk production and milk composition and wk 5 for measurement of total P balance. Methods of collection and sampling (milk, faeces and urine) were as described by Sutton et al. (1997) . Samples of feeds, faeces and urine were stored frozen and dried at 60 o C as appropriate for subsequent analyses. Dry matter and CP degradability of the experimental feeds was estimated using the in situ technique (Ørskov and McDonald, 1979) . Effective degradability was calculated assuming a passage rate of 0.06 h -1 according to Sauvant and Archimede (1990; cited by Benchaar et al., 1998) .
Chemical analysis
Silage corrected DM contents were based on oven DM content, corrected for the concentration of volatile components according to Porter et al. (1984) . Neutral detergent fibre contents were determined by the method of Goering and Van Soest (1970) , with amendments as proposed by Van Soest et al. (1991) . For concentrate feeds, starch contents were determined by the enzymatic method of MacRae and Armstrong (1968) . The water soluble carbohydrates (WSC) were extracted using distilled water and determined by the methods of Somogyi (1952) and Bailey et al. (1992) .
For determination of P contents in feed and faeces, dried and finely ground samples (0.5 g) were weighed into 25 ml glass beakers. The samples were then ashed initially with concentrated nitric acid followed by placing in a muffle furnace at 480°C overnight. The ash was taken up in 50% hydrochloric acid in a 50 ml volumetric flask and volume was made up using distilled water. For milk P determinations, a homogenized milk sample (2.0 g) was weighed into a crucible and dried overnight in an oven at 105°C. The samples were then gradually ashed (+50°C every 30 min) up to 550°C and finally ashed for a further 2 h. The ash was dissolved in 5 ml mixture of distilled water, nitric acid and hydrochloric acid (4:1:3 by volume) and the samples were then gently heated on a hot plate (105°C) for 10 min to re-dissolve the residue. The residue was filtered through Whatman number 1 filter paper in a 50 ml volumetric flask and its volume made up with distilled water (Smoler, 1996) . For urine P determinations, samples were thawed at room temperature and 30 g of each sample was weighed into 50 ml glass beakers and gently heated on a hot plate until the volume was reduced to approximately 5-10 ml (Morse et al., 1992) . These samples were then dried in a hot air oven at 55°C for 16 h and ashed at 500°C for 4 h, solubilized in 10 ml of 3N hydrochloric acid, filtered into a 25 ml volumetric flasks and brought to volume with distilled water.
Total P content was then determined using an autoanalyser technique (WPA Heliflow, flow injection system, Cambridge, UK) with molybdenum blue. This method is based on the released P combining with ammonium molybdate in acid solution to produce phosphomolybdic acid. A blue colour (molybdenum blue) is produced in the solution when the phosphomolybdic acid is reduced following the addition of ascorbic acid with final estimation on a colorimeter at 680 nm wavelength. Protein, fat and lactose contents in milk were determined using infrared techniques (Foss Electric UK, Ltd.) with use of externally calibrated milk samples.
Statistical analysis
Data were analysed statistically using the General Linear Models procedure of SAS (SAS, 2000) in Experiment 1, where the sources of variation were in the following order: periods, cows and treatments. The overall means obtained were adjusted means or least square means, which were assessed for significant differences at P<0.05. In Experiment 2, the treatments were analysed as a 2 × 3 factorial arrangement, with 2 levels of protein, 3 levels of protein degradability. Because no interaction was detected (P<0.10), main effects of CP level were assessed by ANOVA, and the linear and quadratic effects of protein degradability averaged over CP level were assessed using orthogonal contrasts with single degrees of freedom.
RESULTS
Feed composition
Concentrate formulation and chemical composition of the diets are presented in Tables 1 and 2 . The grass silage in both experiments was relatively mature, with low CP and P concentrations. The diets were formulated to contain similar amount of P except in case of the NEG and POS treatments, which were formulated to contain much lower and higher values of P, respectively. The desired P levels were achieved in the NEG and POS treatments, while in the other treatments P intake ranged from 65.7 to 77.7 g/day.
Dry matter intake
Total DMI in Experiment 1 ranged from 15.1 to 16.8 kg/day (averaged within a treatment). As expected, the NEG and POS controls had the lowest and the highest intakes, respectively. The NEG control reduced silage DMI by 16% compared to the POS control, and an average of 11% with respect to the different energy source treatments (HNDF, LDS, HDS and SS). In Experiment 2, DMI were higher, ranging from 17.2 to 18.3 kg/day with the extremes recorded for treatments with low and high levels of CP, respectively.
Milk P output and concentration
In Experiment 1, milk P output averaged 17.1 g/day on all diets except in NEG where a fall in total milk yield was accompanied by a 15% reduction in P output compared to the average, which was significantly lower than for any of the other treatments. Cows on LDS and POS had the highest secretion of P in milk, which was significantly higher than SS but not HNDF and HDS (Table 3) . In terms of efficiency of P secretion in milk, LDS and NEG converted more dietary P to milk P (26 and 27%). HNDF and SS treatments gave a lower protein and P concentration in milk compared to the other treatments. In Experiment 2, feeding high levels of protein did not affect milk P output (P=0.17) and concentration (P=0.19) despite a difference of 2.4 g/day and 0.05 g/kg, respectively (Table 4) . Efficiency of dietary P conversion to milk P was not affected (P=0.31) by the treatments. Similarly, protein degradability had no significant effect on milk P output and concentration. Milk P output and concentration were on average higher by 6.5 g P/day and 0.1 g/kg milk, respectively, compared to Experiment 1. The average efficiency of conversion of dietary P to milk P was 45% higher in Experiment 2 than in Experiment 1.
Phosphorus balance
Phosphorus balance data are presented in Tables 3 and 4 . In Experiment 1, there were significant differences in P intakes, which ranged between 53.6 and contrasts: 1 = main effect of CP; 2 = linear effects of degradability and 3 = quadratic effects of degradability 80.3 g/day, being lowest and highest on the NEG and POS controls, respectively. Within the four carbohydrate types, LDS and SS had significantly lower P intakes, whilst the highest intake was observed on HDS (P<0.05). In Experiment 2, cows fed the lower protein level also had significantly lower P intakes (mean, 65.5 and 72.0 g/day for the lower and higher levels of CP, respectively). P intake was not significantly different in cows fed different CP degradabilities. In Experiment 1, there were significant differences in the amount of P excreted in faeces, where trends were similar to trends in P intake, with the NEG and POS treatments having the lowest and highest faecal P outputs, respectively. Similarly, in Experiment 2, more P was excreted in faeces by cows fed the higher CP level (P=0.04) but no effect of CP degradability was detected (P=0.79).
In both experiments, urinary P excretion ranged from 0.2-4.7 g/d but was not significantly different among the treatments. Levels of P retention were also small and no consistent effects due to treatment could be detected in either experiment (P>0.05).
Faecal P accounted for the largest single proportion of P intake and there were no significant differences due to type of energy source, level of P intake, or level and degradability of CP. However, average P in faeces was higher in Experiment 1 (mean, 0.74 vs 0.60 g/g P intake in Experiment 2). Urinary P represented less than 2 g/100 g P intake in both experiments, and was not affected by the treatments imposed (P<0.05).
DISCUSSION
The objective of the present study was to assess the effects of energy and protein supplementation on P utilization by dairy cows in order to consider options for reducing P pollution without significantly reducing animal performance. Although dietary P intake was intended to be similar across treatments (except in NEG and POS), P intake in Experiment 1 ranged from 56 to 83 g/day, which approximately covers the range of P requirements recommended by the British (ARC, 1980; AFRC, 1991 ), French (INRA, 1989 , and American (NRC, 2001) national research committees for the type of dairy cows used in our experiments and at the lower end of the German (GfE, 2001) national recommendations. In Experiment 2, P intake was restricted to 65-72 g/day, the higher end of which approximately corresponds to AFRC (1991) recommendations. The dietary Ca:P ratio varied between 1:1 and 3:1 between treatments. This level of variation is not expected to affect P metabolism as ruminants with an adequate supply of P can tolerate wide ranges of dietary Ca:P ratios, with optimums between 1:1 and 7:1 (McDowell, 1992).
Faecal P output was large in both experiments, which was similar to previous reports (e.g., Braithwaite, 1986 for lactating ewes; Morse et al., 1988 for lactating dairy cows) and it was directly related to P intake (Figure 1) . The increase in faecal P output in response to increased P intake may be due to homeostasis and a result of an obligatory increase in unabsorbed endogenous and dietary P (Challa and Braithwaite, 1988a) . The lack of significant difference in faecal P output when expressed as the proportion of P intake further confirms the positive linear relationship between the two variables. However, in Experiment 2 faecal P output represented 0.60 g/g P intake, which was 0.14 g/g P intake lower than in Experiment 1. This is possibly due to a combination of different factors, one of which may be the lower dietary P content (average 3.73 g/kg DM) in Experiment 2 compared with Experiment 1 (average 4.26 g/kg DM). The results agree with who reported that cows fed lower P (4.0 g/kg DM vs 4.9 g/kg DM) excreted 23% less in faeces and indicated that dairy cows conserve P by minimizing faecal and urinary P excretions if fed lower P diets. Differences in milk yield (average 19.3 and 23.8 kg/day in Experiment 1 and 2, respectively) could also have contributed to differences in faecal P output. Furthermore DMI was higher in Experiment 2, providing an ME intake of at least 30 MJ more than in Experiment 1, which might have increased the efficiency of utilization of P by using some of the P that would have been excreted for milk, metabolism and body retention. Urinary P outputs were negligible in accordance with previous reports (e.g., Vitti et al., 2000) . There is some evidence that urinary excretion of P is related to serum P concentration and significant amounts are excreted only when the plasma P concentration exceeds a threshold, which in growing calves was about 2.3 mmol/l (Challa and Braithwaite, 1988b; Challa et al., 1989) .
Milk P output was not linearly related to P intake, which suggests that some treatments might have provided a better efficiency of P utilization for milk. In Experiment 1, cows on the NEG treatment excreted substantially less P in milk than any of the other treatments. Increasing P intake above 68 g/day resulted in a significant increase in faecal P output without an improvement in lactational performance. Although SS and LDS had similar P intakes and faecal P outputs, the latter had significantly higher milk output and tended to have higher milk P as a proportion of P intake. This could be related to the way in which energy is made available in the rumen. Low degradable starch sources such as maize are known to improve N capture by microbes Castillo et al., 2001 ), which in turn could increase P utilization. The correspondingly higher values of P and protein concentrations in milk further supports the premise that the efficiency of N utilization for milk production has an influence on P utilization. Experiment 2 showed that reducing dietary P intake from 72 to 66 g/day did not affect milk P output significantly. Although the overall efficiency of P utilization for milk production was still low, it was improved substantially in Experiment 2. Valk and Šebek (1999) reported that 2.8 g P/kg DM was adequate for highyielding dairy cows (9000 l/[lactation·cow]), supplying 68 g P/day in early-mid lactation. Considering the DMI and milk output (7000 l/[lactation·cow]) in the present study, this value is lower than suggested by our work. This could be due to the higher energy concentration of the feed given by Valk and Šebek (1999) , which might have increased the efficiency of P utilization. It may also be the case that the availability of about 70 g P/day is the upper limit above which cows do not utilize more P regardless of milk output. Unfortunately, the authors did not report faecal P to support the theory of increased P utilization. Brodison et al. (1989) reported no significant effects of P utilization in cows consuming 'low' (52-63 g P/day) and 'high' (68-76 g P/day) amounts of P. Direct comparison with the results of this study is difficult because of differences in DMI and in milk production of 2000 l/yr. However, considering the lower demand of P associated with a lower milk yield, it is expected that the requirements of those cows to be not more than 52 to 63 g P/day.
Overall there were no consistent effects attributable to dietary protein degradability, suggesting that this is not a means by which P excretion can be manipulated in dairy cows.
Currently, feed formulations include P in excess of the AFRC (1991) recommendations (74 g P/day for the type of cows used in the experiments) due to feed companies adding excessive 'safety margins'. This has created environmental concerns about P pollution by dairy cows. The present study shows that the AFRC (1991) recommendation could be cut further by 10% without compromising lactational performance. Wu et al. (2001) showed that over two to three lactations feeding P high yielding cows at 0.31% of dietary DM appeared to decrease P concentration of bone, but the decrease was not severe enough to affect bone strength. Data from our experiments suggest that the optimum P requirement is about 68 g/day for cows consuming 17-18 kg DM/day and producing 25 kg milk/day with possible improvement if the supplement to grass silage contains energy sources with a low degradable starch content. In a two-year study, reported that reducing dietary P from 4.8 to 3.8 g/kg DM (supplying 68.4 g P assuming 18 kg DMI), did not impair milk production or reproductive performance of dairy cows.
In conclusion, environmental concerns about P pollution by dairy cows have led to investigation of the possibilities of reducing P excretion by means of dietary manipulation. If the reductions in P excretion noted for cows fed low degradable starch based supplements could be confirmed, it would represent a potential reduction in faecal P excretion from 1.15 to 0.98 tonnes for 100 cows yielding 4000 l/cow over a 180 d winter, an overall decline of 15%. A 600 kg cow producing 25 l milk/day requires about 67 g P/day for an optimal ratio of P output in faeces per unit of milk P. Increasing P intake above this value, decreases P utilization by the cow and leads to excretion of excess P in faeces. Recommended values for P requirements by various national research committees are around 70-74 g P/day for the type of cow used in the experiments reported herein and need to be regarded as the highest levels of inclusion when formulating diets for lactating dairy cows, in order to reduce environmental pollution.
